Dolomitization and related anhydrite cementation can complicate the characterization of carbonate reservoirs. Both processes have affected the Permo-Triassic Upper
INTRODUCTION
Dolomitization and related anhydrite precipitation commonly affect platform carbonates and can exert a significant control on reservoir quality. These processes have been investigated in major hydrocarbon reservoir rocks such as the Permian Khuff and Jurassic Arab Formations (Cantrell et al., 2004; Lindsay et al., 2006; Ehrenberg, 2006; Ehrenberg et al., 2006 Ehrenberg et al., , 2007 Rahimpour-Bonab 2007; Ehrenberg et al., 2009; Maurer et al., 2009; Rahimpour-Bonab et al., 2009) . The importance of these diagenetic processes on reservoir heterogeneity is widely recognized but the precise impact of dolomitization and anhydrite precipitation on poroperm evolution is a matter of debate (e.g. Warren, 2000; Lucia, 2004; Machel, 2004; Warren, 2006; Esrafili-Dizaji and Rahimpour-Bonab, 2009 ).
In most cases, dolomite porosity is inherited from the precursor limestone but is frequently reduced due to cement precipitation (Lucia, 2004) , although instances are known in which dolostones have higher porosities than the precursor limestones (Machel, 2004) . Dolomitization can therefore have a variable effect on poroperm values (Purser et al., 1994; Machel, 2004) and can enhance or reduce porosity depending on the mode and timing of the dolomitization process (Mazzullo, 1992) .
Dolomitization is frequently associated with anhydrite precipitation, a process that commonly has a negative effect on reservoir quality. However, Lucia and Ruppel (1996) and Lucia (1999) noted that replacive nodular and poikilotopic anhydrite had only a minor influence on poroperm values in the South Cowden carbonates (West Texas), and Lucia et al. (2004) showed that anhydrite fabrics can enhance reservoir quality. Thus the combined effects of dolomitization and associated anhydrite precipitation on reservoir quality are complex and variable.
Permo-Triassic carbonates ("Khuff equivalent") form the most important producing reservoir in the Persian Gulf and surrounding area (Ehrenberg et al., 2007; Bordenave, 2008) . More than 25 non-associated gas reservoirs producing from this interval are located on-and offshore Iran. The South Pars gasfield (Table  1) was discovered in 1990 and mainly produces from the Upper Dalan Member and Kangan Formation (lateral equivalents of the Upper Khuff Formation) on a north-plunging anticline in the Qatar Arch (Fig.  1) . South Pars together with its extension in Qatar (North field) forms the largest natural gas accumulation known. Previous studies have shown that carbonate reservoir rocks can be extremely heterogeneous in nature (e.g. Ehrenberg, 2006; Rahimpour-Bonab, 2007; Rahimpour-Bonab et al., 2009; Esrafili-Dizaji and Rahimpour-Bonab, 2009 ). More than 60% of the reservoir rocks at South Pars are dolomitized and anhydrite occurs in close association with the dolomites, reflecting the influence of hypersaline depositional conditions on both calcium sulphate precipitation and dolomitization (Ehrenberg, 2006) . The purpose of this paper is to investigate the origin and nature of dolomitization and anhydrite precipitation of the reservoir carbonates at South Pars and to assess their impact on reservoir quality.
LOCATION AND REGIONAL GEOLOGY
The Qatar Arch, a NNE-SSW-trending positive tectonic feature of Infracambrian origin, divides the Persian Gulf into two troughs (the eastern and the western Hormuz Salt sub-basins) (Fig. 2) . The structure of the arch was inherited from the Amar and Najd tectonic systems (Al-Husseini, 2000) . Both the Arch and the adjacent troughs have been rejuvenated and uplifted repeatedly since the Early Silurian (Murris, 1980; Alsharhan and Nairn, 1997; Konert et al., 2001; Pollastro, 2003) (Fig. 2) .
The troughs had different subsidence rates and depositional histories during the Phanerozoic. Sediments tend to thicken east-and westwards, away from the Qatar Arch. Sediments in the western subbasin are 6.7 km thick, those in the eastern sub-basin are about 5.2 km thick (Fig. 2) . At the present day, the the eastern flank of the Qatar Arch forms a gently dipping monocline. The western side is bounded by faults (Kazerun Fault) and a series of steep-sided anticlines (e.g. Konert et al, 2001; Alsharhan and Nairn, 1997; Ziegler, 2001) . Tectonic movements during the Late Precambrian-Early Cambrian (Najd fault system) in central Saudi Arabia caused reactivation of pre-existing fault systems resulting in regional uplift, and may have gently elevated structural features including the Qatar Arch (Al-Husseini, 2000; Murris, 1980) . Both sub-basins were rejuvenated during the Silurian, resulting in the deposition of thin source-rock intervals (Bordenave, 2008) .
Thinning of Permian sediments may indicate the existence of a syn-depositional structural high to the SE of the Zagros, or a block-faulted horst in the Qatar Arch area (Edgell, 1977; Kashfi, 1992) . PostPalaeozoic tectonic activity may have revived this structural high, as indicated by the erosion of Late Triassic units (Murris, 1980; Kashfi, 1992) . The Arch was a positive structure during the Palaeozoic and gradually subsided during the Jurassic (Saint-Marc, 1978) . It was then active periodically throughout the Mesozoic and Cenozoic, including the late Tertiary when sediments currently exposed at the surface were deposited (Konert, 2001; Alsharhan and Nairn, 1997) . The relatively small thickness of the sedimentary cover in the Qatar Arch (some 4 km) compared to adjacent areas (i.e. 7 to 14 km in the Zagros foldbelt) indicates that it has been a palaeohigh during most of the Phanerozoic.
The stratigraphic succession in the subsurface of the Qatar Arch is well-documented. Analogous rocks crop out in the Zagros Mountains, Central Arabian Arch, and the central and northern Oman Mountains (Sharland et al., 2001; Alsharhan and Nairn, 1997) . Most of the subsurface succession was deposited in shallow-marine conditions (limestones, dolomites, shales and evaporites) (Fig. 3) .
SOUTH PARS GASFIELD
The Upper Dalan Member and Kangan Formation, the reservoir intervals at South Pars and North fields, are predominantly composed of dolomites with some grain-rich limestone intervals (Alsharhan and Nairn, 1997; Ehrenberg et al., 2007; Esrafili-Dizaji and Rahimpour-Bonab, 2009 ). Although JurassicCretaceous oil-bearing reservoirs (Khami and Bangestan Groups) are also present in parts of the South Pars and North fields, the Upper DalanKangan intervals form the main gas reservoir. At South Pars, the interval can be divided into four reservoir units: K4, K3, K2 and K1 (Fig. 3) . The K1 and K3 units are mainly composed of dolomites and anhydrites while K2 and K4, which constitute major gas reservoirs, comprise limestone and dolomite. A massive anhydrite (the Nar Member) separates the K4 from the underlying K5 unit which has poor reservoir qualities.
The gross pay zone in the South Pars field is approximately 450 m thick, extending from depths of approximately 2750 to 3200 m. Reservoir strata dip gently to the NE. The average thickness of the reservoir units declines from South Pars (some 450 m) to North field (385 m). As in other reservoir structures in neighboring areas, the reservoir in the Qatar Arch is cut by a set of NNW-SSE trending faults.
Non-associated gas reservoirs hosted by equivalent Permo-Triassic carbonates are located onshore in the Fars Platform of Iran and include Aghar, Homa, Nar, Kangan, Day, Sepid Zakhur, Shanul, Lamard, Assaluyeh, Tabnak and Varavi. These fields show similar properties and petroleum system elements. We estimate that the Qatar Arch contains more than 1300 TCF of gas reserves, or some 20% of global proven natural gas reserves.
MATERIALS AND METHODS
This study is based on data from 15 exploration/ appraisal wells ( Fig. 1 (A, B, C, D, K, F and H) , which were sampled at intervals ranging from 0.3 to 1 m. All thin sections were half-stained with Alizarin Red-S.
Geochemical characteristics were obtained from analyses of bulk core samples from three other wells. Some 248 core samples from two wells (163 samples from well E and 185 samples from well F) were selected for carbon and oxygen stable isotope analyses (δ 13 C and δ 18 O). All samples were powdered and then sent to Texas A&M University for stable isotope measurement. Thirty-two samples were selected for Sr isotope analysis from anhydrites and anhydritic dolomites in the K4, K3 and K2 units in well K. For analysis of anhydrite cement distribution at a plug scale, X-ray CT scan data (n = 32) were used. Secondary electron and back-scattered images (n = 240) were used for detailed investigation of the effects of dolomitization and anhydrite precipitation on reservoir properties.
For facies analysis, a modified Dunham texture scheme was used together with sedimentary structures and fabrics, grain size, rock composition, and diagnostic allochems such as ooids, pelloids and shells. Rock fabric was separated into grain-and muddominated fabrics (Lucia, 1999) , which are minor modifications of the Dunham (1962) classification. In this study, 14 facies types were distinguished which are described and interpreted in Table 2 . Detailed descriptions of these facies were reviewed by EsrafiliDizaji and Rahimpour-Bonab (2009) .
The depositional environment of the lithostratigraphic equivalent of the studied interval (Khuff Formation) is comparable to that of the presentday Persian Gulf (Alsharhan and Kendall, 2003) . The carbonates studied were deposited in the inner part of an epeiric or ramp-like carbonate system.
DIAGENETIC SEQUENCE AND POROSITY VARIATIONS
The interpreted sequence of diagenetic events, inferred from petrographic relationships and geochemical evidence, is summarized in Fig. 4 . These processes have also been distinguished and discussed by other workers such as Ehrenberg (2006), Moradpour et al., (2008) , and Esrafili-Dizaji and . Core examinations together with detailed thin section analyses indicate that many of the diagenetic processes overlapped in time. Three major diagenetic environments were recognized (Figs. 4 and 5) and are analogous to those in Khuff reservoirs in the United Arab Emirates (Alsharhan, 2006) .
(1) Marine and syndepositional diagenesis: Hypersaline conditions occurred in landward locations on the carbonate platform (e.g. in restricted lagoons). Calcite cementation occurs in lagoon and shoal facies (Figs. 5A, B, 6A ).This diagenetic phase is characterised by the presence of isopachous calcite cement, micritization and early dolomitization with anhydrite cementation and nodule formation.
(2) Meteoric diagenesis: subaerial exposure during sea-level lowstands caused extension of a meteoric lens into the near-shore and shallow-marine realms. The effects of this diagenetic mechanism on nondolomitized deposits (mainly open-lagoon, shoal and offshoal facies) was more important than on dolomitized intervals. Calcite is more reactive and unstable than dolomite in these conditions (Moore, 2001 In general, diagenetic processes were faciesselective and limited by stratigraphic boundaries at a field scale. Hypersaline and meteoric diagenetic realms can be differentiated clearly (Fig. 5) . The hypersaline diagenetic zone coincides with peritidal and lagoonal facies; pervasive dolomitization, anhydrite cementation and nodule formation are the main diagenetic features in this interval (Figs. 5A and B). Meteoric diagenetic overprints mainly occur in open lagoon, shoal and offshoal facies, and include aragonite stabilization, calcite cementation, dissolution and neomorphic processes.
The hypersaline diagenetic zone passes into the meteoric realm via a narrow transitional zone showing selective replacive dolomitization with or without rare anhydrite cements (Figs. 5B, C and 6A) . In this zone, metastable grains (aragonitic bioclasts and ooids) were dolomitized preferentially. Although both zones were overprinted by late burial diagenetic processes, their influences on reservoir qualities are important. In general, the original depositional facies controlled diagenesis and thus porosity.
In addition to primary pore preservation, two processes were responsible for the creation of porosity and permeability in the Permo-Triassic carbonates at South Pars: dolomitization (discussed below) and issolution. By contrast cementation and compaction had negative effects on poroperm characteristics.
Dissolution resulted in the generation of mouldic pores especially in open lagoon, shoal and offshoal facies (Figs. 5D and 6B). Much of this leaching is thought to have occurred in near-surface conditions during sea-level lowstands, with exposure and the infiltration of fresh waters in the vadose zone.
Based on our detailed visual observations of cores and thin sections and on previous studies (e.g. Ehrenberg et al., 2008) , the main cement types include calcite which occurs in high energy limestones (Fig.  6A) ; and anhydrite which mostly occurs in dolomitic facies (Figs. 5A; 6D and E). The latter is more significant as a control on reservoir quality. Anhydrite occurs as pore-filling cement in tidal-flat and lagoonal deposits, and anhydrite precipitation appears to have occurred at two different stages. Later-stage anhydrites resulted in the partial occlusion of secondary dissolution and fracture pore spaces (Fig. 6E ).
In the studied interval, more than 60% of existing porosity in porous lithologies, is diagenetic (secondary) in origin (as indicated by Digital Image Analysis: Esrafili-Dizaji and Rahimpour-Bonab, 2009). Porosity types in the studied intervals included mouldic, interparticle and intercrystalline types, while fracture, stylolitic and fenestral porosity was locally significant (Figs 5D, 6F and 7A, B) . Assuming that the precursor limestones had porosities similar to those in shallow-marine Cenozoic limestones (average of 30-50%; Enos and Sawatsky, 1981; Schmoker and Halley, 1982) , its porosity has decreased during progressive diagenesis. In the reservoir rocks, diagenetically altered facies have 9% porosity and 26 mD permeability on arithmetic average (Fig. 4) . This paper focusses on the influence of dolomitization and anhydrite cementation on the poroperm characteristics of the carbonate reservoir rocks at South Pars.
DOLOMITIZATION AND RESERVOIR QUALITY Dolomite petrography
Three dolomite types can be distinguished in the Upper Dalan -Kangan carbonates at South Pars: (1) fabric-retentive, (2) fabric-destructive, and (3) cements. These types can be identified on the basis of texture (crystal size, shape and distribution) and SEM characteristics (Figs 7 and 8) .
Fabric-retentive dolomite
Core examinations and thin section analyses indicate that about 95% of dolomites in the studied intervals are fabric-retentive. These dolomites are microcrystalline to finely crystalline (mean size < 0.2 mm) and comprise subhedral to anhedral crystals (Figs 7 A, B). Fine-scale depositional structures (e.g. lamination, fenestral fabric and bioturbation) and fossils (ostracods, gastropods, miliolids, green algae) are well-preserved, as are the original pore properties (type, shape and distribution) of the precursor limestone. This type of dolomitization mostly occurs within low-energy landward facies (F1 to F9), but facies F10 to F12 may also be partially to completely dolomitized. Dolomite fabrics do not vary with depositional facies. Dolostones change gradationally into limestones via partially dolomitized limestones which in general contain fabric-retentive dolomites. There is a close association between this type of dolomite and anhydrite nodules and cement.
The occurrence of slightly-compacted contacts between dolomitized grains suggests that dolomitization took place before significant burial. These dolomites are post-dated by cross-cutting stylolites and fractures, which in turn are filled by latestage calcite, anhydrite and dolomite cements.
Fabric-destructive dolomite
This type of dolomite is volumetrically of minor importance (<4%) and takes the form of fine, medium to coarse crystals that range in size from 0.4 to 0.9 mm, and which are commonly present as mosaics of euhedral or subhedral crystals which may almost completely obliterate the precursor limestone textures. Dolomite crystals commonly have cloudy (inclusionrich) cores and relatively clear outer rims. Identification of depositional features and facies is difficult.
This type of dolomite is mainly associated with coarse-grained lagoon facies (such as F9, F10). In most cases, the boundary between fabric-destructive and fabric-retentive types is continuous (particularly in the middle part of the K4 unit) (Fig. 7C) .
Fractures cross-cut this type of dolomite. The presence of stylolite ghosts in this dolomite type indicates that it post-dated chemical compaction
Dolomite cements
Dolomite cements (Fig. 7D ) are volumetrically insignificant (<1%). Two types were distinguished. Type A cement crystals are clear and euhedral, frequently occurring in mouldic pore spaces (mean size < 0.1 mm) (Fig. 8) . Type B is composed of coarse crystals (mean size <1 mm) and is usually present in fractures. This type of dolomite cements displays typical "saddle dolomite" characteristics such as sweeping extinction, cloudy appearance, curved surfaces and cleavages (Fig. 8) . Dolomite cements are not discussed further. 18 O values range from -6.4 to -1.8‰ and δ 13 C from -0.8 to +2.5‰, respectively.
Dolomite and calcite geochemistry

Fabric-retentive dolomite
The Permian dolomites from the Dalan Member (K3 and K4 units) have δ 18 O and δ 13 C values ranging from -0.3 to 3.9‰ (average = 1.65‰ ) and 1.6‰ to 6.8‰ (average = 4.29‰ ) PDB, respectively (n = 81, Fig.  9 ). Compared with Permian marine dolomites (values from Veizer et al., 1986) , the measured values are either similar or slightly higher for δ 18 O and lower for δ 13 C.
The isotopic values for Triassic dolomites of the Kangan Formation (K1 and K2 units) range from -3.4‰ to -1.8‰ (average = -5.61‰) for δ 18 O, and -0.3‰ to 2.5‰ (average = 0.18‰) for δ 13 C. The δ 18 O values for these dolomites, however, are more negative than for Triassic marine dolomites (from Schauer and Aigner, 1997). δ 13 C values for this interval are similar to the theoretical values (Fig. 10) .
Fabric-destructive dolomite
The thirteen samples of fabric-destructive dolomite from the Permian Dalan Member analyzed had δ 18 OPDB values of -5.3 ‰ to -1.2 ‰ (average= -3.77 ‰), and δ 13 CPDB values of 3.4 ‰ to 5.8 ‰ (average= 3.34 ‰). δ 13 C values of these dolomites are similar to those expected from Permian marine dolomite, but (Fig. 9) . Likewise, Triassic fabricdestructive dolomites of the Kangan Formation (n = 7 samples, average δ 18 O PDB = -4.83‰ and average δ 13 CPDB = 0.53‰) show similar results (Fig. 10) .
Calcite or limestone
The stable isotope analysis of calcites in the Dalan Member show positive values for δ 13 CPDB (average = 5.06 ‰) and negative values for δ 18 OPDB (average = -4.31 ‰), comparable to the theoretical values of Permian marine calcites (n = 51 samples, ranging from -1.3‰ to -5.9‰ for δ 18 O, and from -0.1 to +6.9‰ for δ 13 C values, respectively) (Fig. 9) . Measured δ 18 OPDB values for the Kangan calcites are more negative than those expected from Triassic marine calcite, but δ 13 C values are either similar to, or slightly lower than, theoretical values (average δ 18 OPDB= -5.68‰ and average δ 13 CPDB= +0.37‰) (Fig. 10) .
Dolomite poroperm characteristics
Petrophysical data from core samples was used to assess the texture-related variability of reservoir properties and the identification of dolomitization effects (Fig. 11 ). There are no significant differences between the poroperm values of the two dolomite types (Fig. 11) . As mentioned above, most dolomites in the South Pars field are fabric-retentive, and textures range from grainstone to mudstone. The heterogeneity in dolomite poroperm characteristics appears to be inherited from the precursor limestones. Therefore it is necessary to examine the pre-existing texture of this dolomite together with the equivalent texture in the non-dolomitized limestones. Fig. 12 and Table 3 . Statistical parameters of each texture according to the means of porosity and permeability. In general, dolomitized samples have rather higher permeability than the non-dolomitized textures.
Fig. 12. Porosity-permeability cross-plot based on the dolomitized and non-dolomitized texture types. Comparison of the reservoir properties in the various textures indicates that dolomitized textures have better reservoir quality than the limestones (non-dolomitized textures).
given porosity compared to limestones but the correlation coefficients are variable (r 2 = 0.10-0.68). In carbonate reservoirs, dolomite stable carbon and oxygen isotope compositions can contribute to an understanding of porosity development (e.g. Al-Aasm and Azmy, 1996; Saller and Henderson, 1998) . The poroperm values of Triassic calcite and co-occurring fabric-retentive dolomites which clearly show different δ 13 C and δ 18 O compositions (from Fig. 10 ) are plotted and compared in Fig. 13 In contrast to the Triassic Kangan Formation, the oxygen isotope compositions of the Upper Dalan dolomites are generally lighter (lower) in samples with higher porosities, particularly in the K3 unit of the Upper Dalan (Fig. 14) . This inverse relationship between δ
18 O values and dolomite porosity (Fig. 14) demonstrates the impact of increasing diagenetic alteration on reservoir rock porosity.
Anhydrite: petrography, geochemistry and reservoir quality Petrography Four types of anhydrite texture were observed in the carbonate reservoirs at South Pars (Fig. 15): (1) bedded (depositional) anhydrite (2) pore-occluding anhydrite cements, (3) poikilotopic anhydrite crystals, and (4) replacive anhydrite nodules (c.f. Lucia, 1999) .
Anhydrite cements are either simply pore-filling or poikilotopic in nature (the former does not show poikilotopic textures). As previously shown by Ehrenberg et al. (2008) , our thin section and core analyses indicate that anhydrite cements and nodules are generally associated with dolomitic intervals (supratidal, intertidal and lagoon facies: F1 to F9). Bedded and nodular anhydrite were associated with supratidal facies (F1 and F2), and pore-filling and poikilotopic textures were common in lagoonal and intertidal facies (Fig. 15) . Anhydrite cements commonly appear as primary pore fillings in slightlycompacted grainy dolomites. In general, stylolites show cross-cutting relationships with dolomite and anhydrite crystals (and anhydrite nodules). However, these crystals were not formed along stylolites. These textures are depositional and early diagenetic (syndepositional). In some cases, anhydrite cements have occluded solution and fracture pore spaces.
Anhydrite geochemistry and dating
The 87 Sr/ 86 Sr ratios of 32 anhydrite and anhydritecemented samples (reservoir and seal rocks) plot within the range 0.7071 to 0.7081 (Fig. 16) , and except for the Kangan (K2) samples show values close to that of Late Permian -Early Triassic seawater (McArthur, 2001; McArthur and Howarth, 2004) .
According to the timescale in Al-Husseini (2008) (Fig. 16) .
Strontium isotope values for the reservoir rocks closely follow the trend of global seawater composition for the Late Permian -Early Triassic (except for the Kangan samples). This supports the direct involvement of seawater as the original fluid for anhydrite and dolomite formation.
Anhydrite poroperm characteristics
There is a clear relationship between anhydritic texture and reservoir quality ( Fig. 17 and Table 4 ). Intervals with a poikilotopic anhydrite texture show relatively high poroperm values (r 2 ranges between 0.05 and 0.68). If a permeability of 1 mD is used as the threshold for a gas reservoir, only samples with a poikilotopic texture in general have higher permeabilities than this.
The anhydrite cement distribution controls the poroperm heterogeneity of the anhydritic units. On the basis of the anhydrite cement distribution (at the core, plug and thin-section scales: Fig. 18 ), these intervals can be divided into areas with either patchy or uniform anhydrite cementation. Patchy anhydrite (nodular and poikilotopic) results from localized mineral precipitation. The distribution of anhydrite cement has a significant effect on porositypermeability relationships (Lucia, 1999) , and poroperm values are significantly higher with patchy anhydrite than where cementation is uniform (Fig. 19 , Table 5 ).
ORIGIN OF DOLOMITE AND ANHYDRITE GENERATION Petrographical evidence
In general, the Late Permian Dalan and Early Triassic Kangan Formations consist of a series of cyclic units beginning with non-dolomitized to partially dolomitized subtidal grainstones to packstones (offshoal and shoal facies), passing up into lagoonal/ intertidal dolomites (anhydrite-cemented facies) and capped by supratidal or dolomitic anhydrite Esrafili-Dizaji and Rahimpour-Bonab, 2009) (Table 2) . Replacive dolomites commonly occur in restricted peritidal and lagoonal depositional facies, and dolomitized intervals are associated with non-fossiliferrous facies or facies with restricted marine biota. Therefore, the main areas for anhydrite cementation / dolomitization were landward of the studied carbonate platform. Variations in the saturation state of dolomitizing fluids are reflected in the diagenetic zonation of the reservoir rocks. This variation ranges from intervals with pervasive dolomite-anhydrite cementation, to partially dolomitized facies without anhydrite cements, to nondolomitized intervals (i.e. limestone). The anhydrite cementation / fabric-retentive dolomitization occurred during syndepositional to shallow-burial conditions before significant burial as indicated by the following observations: (1) fine crystals of fabric-selective dolomite occur in early pore spaces;
(2) this dolomitization preserved depositional and early diagenetic characteristics (bioturbation, micritization and marine cementation); (3) stylolitization and fracturing post-date fabricretentive dolomitization and anhydrite nodules/ cements; (4) anhydrite cementation occurred after or coincided with fabric-selective dolomites (Fig.15A, B) ; (5) anhydrite fabrics associated with replacive dolomites are cut by stylolites.
This petrographic evidence suggests that fabricretentive dolomite and anhydrite fabrics predate mechanical and chemical compaction. Finely crystalline dolomites which are traversed by stylolites formed at relatively low temperatures and shallowto-intermediate burial depths (around 50 ºC and below the 1000 m) (Sibley and Gregg, 1987; Lind, 1993; Kirmaci and Akda, 2005) . Therefore, these phases are early diagenetic. Some late anhydrite cements occur and occlude diagenetic pore spaces (mouldic and fracture porosity). Compared with fabric-retentive dolomites, fabricdestructive types probably formed during deeper burial because they post-date stylolitization, as they show stylolites "ghosts". Crystals have cloudy (inclusion-rich) cores and clear (inclusion-free) rims. Euhedral shapes and enlarged crystal sizes result from increasing burial depths and temperatures. There are no sharp boundaries, petrographical or geochemical, between fabric-retentive and fabric-destructive dolomites. The transition from fabric-retentive to fabric-destructive fabrics suggests that the latter dolomite formed by recrystallization of the earlier fabric-retentive dolomite (Tucker and Wright, 1990; Melim and Scholle, 2002) . Dolomite recrystallization can be controlled by heterogeneities in mineralogy and permeability in lagoonal facies (Machel and Hubscher, 2000) . Thus, replacive dolomitization has not occurred in two separate stages which would show a transitional boundary.
Analogous evidence for dolomite recrystallization during burial has been reported from the Khuff carbonates offshore Dubai (Videtich, 1994) , and similar dolomite cements occur in reservoir rocks from the east of the Qatar Arch (Alsharhan, 2006) .
Geochemical evidence
Under evaporative conditions, dolomite crystals have grain sizes of less than 5 mm; they are non-stoichiometric and show slightly positive δ
18 O values (e.g. McKenzie et al., 1980; Schauer and Aigner, 1997) . Because most of the Dalan fabric-retentive dolomites show higher δ
18 O values than their Permian marine counterparts (Fig. 9) and have a low temperature of formation (from assumed values ca. 25ºC), they probably formed from concentrated seawaters which have higher δ
18 O values (Lloyd, 1966) . The Dalan fabric-retentive dolomites have a fine crystal size and positive δ
18 O values (close to theoretical values for Permian marine dolomites), indicating a seawater origin for the dolomitizing fluids under evaporative conditions. An increase in crystal size, associated with depletion in δ 18 O values (negative δ 18 O) in fabricdestructive dolomites (in both Dalan and Kangan samples) may be explained by two mechanisms: (1) meteoric water input and (2) recrystallization under burial conditions. Measured positive carbon values are typical for inorganic precipitates from marine or seawater-rich pore-fluids, suggesting that meteoric groundwaters were not involved in dolomitization as extensive meteoric influx would have led to depletion in δ 13 C (Kirmaci and Akda, 2005) . Strong depletion in δ 13 C, δ 18 O, and 87 Sr/ 86 Sr in the Kangan dolomites and calcites could be explained by the mass extinction at the Permian-Triassic boundary as well as diagenetic alteration . The observed isotopic depletions reflect excursions typical of other P-T sections and the effects of diagenetic alterations. According to the oxygen isotopic ratio of dolomites (Allan and Wiggins, 1993) , three temperature-related dolomitic zones can be distinguished: a low temperature dolomite zone with δ 18 O values ranging from positive values to -2.5‰; a zone of high temperature dolomite with negative δ 13 C values down to -6.5‰; and a zone of intermediate temperature dolomites (δ 18 O values from -2.5 to -6.5‰). Empirical evidence suggests that temperatures of 50 to 80ºC mark the approximate boundary between high and low temperature dolomites (Machel, 2004 out by Machel (2004) and seen in this study, lowtemperature dolomitization (50-80ºC) is commonly fabric-selective but at least partially fabric-retentive. The ambient temperature controls the fractionation of oxygen isotopes between water and the dolomite mineral (Friedman and O'Neil, 1977) and temperatures of dolomitization can be therefore be estimated. For this purpose, the formula of Fritz and Smith (1970) and Dickson and Coleman (1980) was used:
T ºC= 31.9 -5.55 (δd -δw) + 0.17 (δd -δw) 2 where T is temperature in Celsius; and δd and δw are the oxygen isotopic compositions of dolomite (PDB) and formation water (SMOW) (modified sea water), respectively (Land, 1985) .
Assuming a constant δ 18 O seawater of about -0‰ (SMOW) (Tucker and Wright, 1990) , calculated temperatures for the studied replacive dolomites range from 12 to 73 ºC. Considering secular variations in δ 18 O seawater , this estimate can be re-evaluated according to the δ 18 O value of Late Permian -Early Triassic seawater, which was isotopically lighter than presentday seawater (Veizer et al., 1999) . By assuming average δ
18 O values of about -4.5 ‰ PDB (Late Permian) and -3.5 ‰ PDB (Early Triassic) for calcite (Veizer et al., 1999) (Friedman and O'Neil, 1977) .
A seawater temperature of about 25ºC is assumed. In this calculation, mean δ 18 O seawater values of ~ -3.1 ‰ (SMOW) and ~ -2.3 ‰ (SMOW) for the Late Permian and Early Triassic, respectively, are used. Our calculations indicate the following:
(1) The temperature of formation for Late Permian fabric-retentive dolomite in the Dalan Formation ranges from 1.5 to 18ºC. For fabric-destructive dolomite, temperatures were about 22-45ºC.
(2) Early Triassic fabric-retentive dolomites formed at temperatures of 30-56ºC, but fabricdestructive types ranged from 40 to 56ºC. In general, isotope thermometry indicates that fabric-destructive dolomites formed at temperatures above 22ºC whereas fabric-retentive dolomites and associated anhydrites formed in surface and near-surface conditions.
Timing and depth of diagenetic events
The burial depths at which various diagenetic features are formed depend on many factors (Machel, 1999) .
For example, minimum depths of about 500 m (equivalent to temperatures of more than 30ºC) are required for the development of horizontal stylolites (Lind, 1993; Nicolaides and Wallace, 1997; Duggan et al., 2001) , although it has been suggested that greater depths are required for solution seam and stylolite formation (Dunnington, 1967; Machel, 1999) . Qing and Mountjoy (1994) proposed that the active stylolitization zone is situated at depths of 600 to 900 m. In this study, a depth range of 300 to 900 m was therefore taken for solution seam and stylolite formation. Saddle dolomites are also a useful depth indicators, pointing to temperatures of ca. 60 ºC (Warren, 2000) .
A burial history model for a well in the South Pars field was reconstructed by Aali et al. (2006) (Fig. 20) . Assuming a surface temperature of 25ºC and a bottomhole temperature (BHT) of 96ºC, the calculated geothermal gradient for this field is 22ºC/ km. This geothermal gradient can be used to infer the temperatures and depths of the various diagenetic features, and "windows" for the different diagenetic overprints can be inserted into the modelled geohistory (Fig. 20) . The formation of fabric-destructive dolomite began just after fabric-retentive dolomite generation and continued to deep burial conditions (~1400 m), explaining why fabric-retentive dolomite and all anhydrite fabrics are cross-cut by stylolites. The model shows that chemical compaction features formed during the Triassic to Early Jurassic. According to the burial history model, saddle dolomites started to form during the Late Jurassic at depths of 1600 m, but the most favourable conditions for the precipitation of this cement type occurred during the onset of the oil window in the Tertiary (Fig. 20) .
Dolomitization models
The close association of anhydrite with fabricretentive dolomites suggests that dolomitization may have resulted from one of four models: (1) "Coroong", (2) evaporation-drawdown, (3) seepage-reflux, and (4) evaporative (Flügel, 2004) .
Suitable conditions for Coroong-type dolomitization (e.g. ephemeral alkaline lakes and recharging freshwaters) were absent. In general, petrographic and geochemical evidence suggest dolomitization by seepage-reflux and/or evaporative mechanisms, as has previously been proposed for the Dalan-Kangan/Khuff carbonates (Talu and AbuGhabin, 1989; Ehrenberg, 2006; Alsharhan, 2006; Insalaco et al., 2006) . The well-documented sabkhas offshore Abu Dhabi are good modern-day analogues for the formation of such dolomite-anhydrite successions (Purser, 1973) . In the sabkha capillary zone, dolomitization is closely associated with the growth of nodular anhydrite due to an increase in the Mg:Ca ratio caused by the precipitation of calcium sulphates (Kinsman, 1966; Alsharhan and Wittle, 1995) . Anhydrite precipitation takes place in the zone just below the sabkha surface producing bedded and nodular fabrics (Warren and Kendal, 1985; Warren, 2006) .
An important feature in the studied reservoir interval is a tendency for a reduction in the quantity of replacement dolomite, downward from the cycle caps. This is analogous to the modern sabkha-type dolomitization model (Yoo and Lee, 1998) . In this environment dolomitizing fluids may be recharged by seawater flowing through the shallow subsurface (driven by tidal pumping or storms), and evaporative pumping (Yoo and Lee, 1998) . These dolomites could develop at some distance, laterally and vertically, from the sabkha surface. In the rock record, this penecontemporaneous metastable dolomite (Mazzullo, 2000) is commonly recrystallized. In restricted lagoons or platforms, seawater may become concentrated due to evaporation (particularly in arid climates), forming dense dolomitizing brines which infiltrate downwards through the underlying sediments. The abundance of evaporitic minerals such as anhydrite in these dolomites supports the movement of saline brines through the strata (Saller and Henderson, 1998) . The origin of anhydrite is attributed to the reflux of hypsersaline brines from the overlying evaporite beds (i.e. post-dolomitization fluids). The generation of extra calcium during dolomitization has also been proposed to explain anhydrite mineralization (Machel, 1986; Leary and Vogt, 1986; Ruppel and Cander, 1988; Melim and Scholle, 1999) .
Considering the low palaeolatitudes of the Persian Gulf (around 17-25º) in the Late Permian to Early Triassic and the prevalence of arid climatic conditions, evaporative-hypersaline conditions may have been widespread. These conditions are reflected in the restricted faunal assemblage, the presence of anhydrite and of early evaporite-related dolomite. Also, our observations indicate that fabric-destructive dolomite formed after fabric-retentive types, under higher temperatures (~50 ºC) in low to intermediate depths from more isotopically depleted waters.
Dolomitization is favoured at elevated burial temperatures because kinetic inhibitions are active at lower temperatures (less than 50 ºC) (Machel and Mountjoy, 1986; Hardie, 1987; Budd, 1997) . Therefore, recrystallization occurred at elevated burial temperatures which resulted in an increase in crystal size and a depletion of δ 18 O values.
DISCUSSION
Previous studies (Saller and Henderson, 2001; Lucia, 2002) have suggested that replacive dolomitization can cause a reduction in precursor porosity and permeability in platform carbonates. Replacive dolomitization is due to saturated fluids during brine/ evaporative reflux (Saller and Henderson, 2001; Lucia, 2002) . This study shows that dolomitization and anhydrite cementation, along with original facies type, are major factors controlling the reservoir quality of the Dalan -Kangan carbonates at South Pars. When associated with minor anhydrite cementation, replacive dolomitization has enhanced reservoir quality by increasing permeability. Porosity parameters (percent, type and shape) in fabricretentive dolomites are inherited from the precursor rock fabric. However, dolomite recrystallization and neomorphism has generated or enlarged pore spaces as a result of an increase in crystal size. Dolomite samples with patchy cement fabrics (nodular and particularly poikilotopic cements) show enhanced reservoir qualities. Similar observations from Permian dolostone reservoirs in West Texas suggests that patchy anhydrite reduces porosity but does not reduce pore-throat sizes. Pore-throat size controls permeability and remains nearly constant. In addition, the development of micro-fractures in such mineralogically heterogeneous rocks may be due to a range of mechanisms. In pervasive and highly anhydrite cemented reservoir rocks (with uniform anhydrite cementation), anhydrite has occluded pore spaces, resulting in tight carbonate intervals which locally act as barriers to fluid flow (Rahimpour-Bonab, 2007) . Bedded anhydrites may act as intraformational seals.
Although dolomitization is the main diagenetic feature in the studied succession, dolomite cementation ("over-dolomitization") occurs but is not extensive. This process may strongly reduce dolomite porosity and permeability (Saller and Henderson, 2001; Lucia, 2002 Lucia, , 2004 .
This study shows that variations in the calcium sulphate saturation in different parts of a restricted platform may have caused differences in the mode and amount of anhydrite precipitation, which, in turn, gave rise to variations in dolomite poroperm values. Depositional fabrics appear to have exerted a strong control on anhydrite infiltration and subsequent poroperm heterogeneities. To further clarify the controls exerted by hypersaline diagenesis on poroperm values in the Dalan -Kangan carbonates, more detailed studies of the spatial and temporal distribution of hypersaline diagenetic products will be required. However, in spite of strong diagenetic alterations, this reservoir has preserved its original depositional architecture at a field scale. This is the subject of future research by the authors. 
CONCLUSIONS
1. At the South Pars gasfield, offshore Iran, gas is produced from Permo-Triassic carbonates of the Dalan -Kangan Formations. Previous studies and facies analysis show that the carbonates were deposited in supratidal, intertidal, lagoonal, shoal and offshoal settings on the inner part of an extensive ramp-like or epeiric carbonate system. Facies distribution has exerted a primary control on the poroperm heterogeneity of the reservoir. The facies were overprinted in three separate diagenetic environments: marine, meteoric and burial. 2. Petrographical examinations and geochemical analysis indicate that producing intervals were subjected to extensive dolomitization and anhydrite precipitation. A key challenge is to evaluate the effects of these processes on reservoir quality. 3. Three dolomite types and four anhydrite fabrics are distinguished in producing units at South Pars. Fabricretentive dolomites, the most comon dolomite type, are generally associated with improved reservoir qualities. However, the presence of patchy anhydrite (nodular and poikilotopic fabrics) has had little effect on poroperm values. 4. This study indicates that the reservoir rocks were dolomitized just after deposition in a near-surface sabkha/seepage-reflux system. Minor portions of these early dolomitic intervals were then recrystallized during burial with neomorphism and formation of fabric-destructive dolomites. Anhydrite precipitation was closely associated with dolomitization. These diagenetic processes together with depositional facies were the major factors controlling the reservoir quality of the Dalan -Kangan carbonates at South Pars.
